Aim: To comparatively evaluate the properties of two BPA-free experimental adhesives (EXA, EXB) for lingual fixed retainer bonding versus a commercially available reference material (Transbond LR-TLR) based on BPA-compound.
Introduction
Various types of retainers have been introduced to minimise the adverse effects of orthodontic relapse following a successive treatment, especially at the lower dental arch (1) . Fixed retainers, requiring minimal patient compliance are the most popular. These retainers consist of metallic wires (braided or solid) which are bonded to acid-etched enamel surfaces with resin composites (2) . A variety of resin composites have been used for bonding metal wires, with the chemically-and light-cured orthodontic adhesives being the most reported material type. Flowable and high-viscosity light-cured restoratives have been also introduced, but less frequently used (3) . Failure of fixed retainers caused by debonding at the wire-composite or composite-enamel interfaces is a common intraoral complication, European Journal of Orthodontics, 2017, 1-8 doi:10.1093/ejo/cjv090 Advance Access publication 11 December 2015 with an incidence ranging from 3.5 to 53 per cent (4, 5) . Several alternative to metal wires have been proposed for fixed retainers like aromatic polyamides (aramid), polyethylene and resin impregnated glass-fibres (6, 7) , which offer important advantages, like increased load bearing capacity, tailored elastic modulus, formability and esthetics (8) (9) (10) . Nevertheless, the failure risk for fibre-reinforced retainers was estimated as to 11-51 per cent (11, 12) .
Most of the composites used for bracket and retainer bonding, are based on Bisphenol-A (BPA) derivatives like BisGMA, BisDMA etc. It has been shown that BPA can be released in vitro and in vivo from resin composite materials related to orthodontic bonding (13, 14) . Over the recent years BPA release was associated with potential estrogenicity in a significant number of studies (15) and claimed to be a significant risk factor regarding human fertility (16) , early puberty in females, feminisation in males along with increasing risk of breast and prostate cancer, in females and males, respectively (17) , developments of hyperglycemia and insulin tolerance (18) and increased levels of anxiety, depression and problems in interpersonal relations, in children undergoing 5-year exposure (19) . Efforts have been undertaken to replace the BPA monomer derivatives by other BPA-free monomers matching the well established polymer network stiffness, strength, rigidity and low biodegradation susceptibility of bisphenol-A dimethacrylate derivatives (20) . Most alternative approaches included aliphatic co-monomers based on triethyleneglycol dimethacrylate, urethane dimethacrylate, cycloaliphatic dimethacrylates, etc, all introduced from restorative composite technology (21) , along with proper filler-particle reinforcing agents.
Although conventional orthodontic adhesives are mostly used for bonding metallic wires to enamel, there are still several issues to be addressed. In retainers the resinous material is not covered by bracket and hence, it is directly exposed to the oral environment from all surfaces, except the enamel-adhesive interface. Therefore, it is more prone to intraoral degradation in comparison with adhesives for bracket bonding (22) . Besides, under the current application techniques, the hydrophilic metal surface does not chemically bond with the resin composite, creating thus a weak interface exposed intraorally at the mesial and distal margins of the teeth. Moreover, since there is no sliding capacity of the retainer wire, like the wire in the bracket slots, the modulus of elasticity of the composite should be properly arranged to avoid development of stresses at the weak resin-wire interface.
The aim of the present study was to evaluate a series of chemical and mechanical properties of two experimental BPA-free resin composite adhesives for retainer bonding in comparison with a commercially available product based on BPA-components used as control. The null hypothesis was that the two experimental products demonstrate no statistically significant difference from the control in all the properties tested.
Materials and methods
The materials tested are listed in Table 1 . EXA and EXB are two experimental orthodontic adhesives designed for lingual fixed retainer bonding based on a non-BPA monomer synthesis route. In EXA, a single-aromatic ring highly reactive multi-functional monomer (PCDMA: phenyl carbamoyloxy-propane dimethacrylate) is incorporated, along with conventional aliphatic co-monomers and glass-fillers. EXB is based on aromatic-free urethane dimethacrylate monomers. An orthodontic adhesive containing BisGMA, designed for retainer bonding (TLR), was used as control. The material properties tested were as follows:
Curing efficiency
Specimens (Ø = 8 mm, h = 5 mm, n = 5/material) were prepared by applying uncured materials between two cellulose films with two spacers maintaining a constant sample thickness of 0.5 mm. Specimens were irradiated directly for 20 seconds with a light curing unit (Bluephase G2, Ivoclar Vivadent, Schaan, Liechtenstein) emitting 1.2 W/cm 2 in the standard irradiation mode, as measured with a curing radiometer (Bluephase meter, Ivoclar Vivadent) and stored for 10 minutes at 37°C under dark and dry conditions. The directly irradiated surfaces were analysed by attenuated total reflectance Fourier transform infrared spectroscopy (ATR-FTIR), employing an ATR cell (Golden Gate, Specac, Smyrna, Georgia, USA) equipped with single reflection diamond crystal, attached to an FTIR spectrometer (Spectrum GX, Perkin-Elmer, Bacon, UK) operated under the following conditions: 4000-650 cm −1 wavenumber range, 4 cm −1 resolution, 30 scans co-addition, ZnSe focusing lenses, sapphire pressure anvile, 2.0 microns depth of analysis at 1000 cm −1 . Spectra of unpolymerised pastes were used as reference. The degree of conversion (DC) of the irradiated specimens was estimated on a percentage basis relative to the unset controls employing the two band method and the tangent baseline technique (23) . For all the materials the aliphatic (C=C) bond stretching vibrations at 1638 cm −1 were chosen as the analytical bands. For reference bands, which are not affected by the polymerisation reaction, the aromatic (C…C) bond stretching vibrations at 1605 cm −1 were chosen for EXA, TLR, whereas for the aromatic-free EXB, the N-H stretching vibrations at 1540 cm −1 , were selected. The percentage DC was then determined according to the equation:
where Ap(C=C) is the net peak absorbance area of the set material at 1638 cm −1 and Am(R) the net peak absorbance area of the unset material at 1605 (for TLR, EXA) or 1540 cm −1 (EXB), respectively. The statistical analysis of the results was performed by one-way ANOVA and Tukey multiple comparisons test at α = 0.05 significance level.
Mechanical properties derived by instrumented indentation testing
Disk-shaped specimens (Ø = 8 mm, h = 2 mm, n = 5/material) were prepared with the same procedure as above. For instrumented indentation testing (IIT), a universal hardness-testing machine was used (ZHU0.2/Z2.5, Zwick/Roell, Ulm, Germany). Force-indentation depth curves were recorded employing a Vickers indenter, 9.8 N load and 15 seconds dwell time. On each specimen three measurements were performed; one at the centre and two at 2 mm distance each side from the central indentation, to avoid marginal interferences (24) . From the curves recorded, the following properties were determined according to ISO 14577-1 specification (25): Martens hardness (MH), indentation modulus (E IT ) and elastic index or percentage of elastic fraction of indentation work (n IT ). Statistical analysis was performed by one-way ANOVA and Tukey test (a = 0.05).
Effect of prolonged water storage
Specimens (Ø = 8 mm, h = 2 mm, n = 10/material) were prepared from the adhesives and cured as previously described. The directly irradiated surfaces were then wet-ground with 320 grit-size SiC papers in a grinding/polishing machine (Ecomet III, Buhler, Lake Bluff, Illinois, USA) to remove the resin-rich layer and divided into two groups. The first group (n = 5/material) was stored in water for 1 week at 37°C, whereas the second group (n = 5/material) was stored in water for 6 months at 37°C. The samples were then transferred to the reading table of a hardness tester (HM 2000, Shimadzu, Tokyo, Japan) equipped with a Vickers indenter. Three indentations were performed per specimen under 100 g load and 10 seconds dwell time (VH 0.1kp/10s ) on the directly irradiated surfaces. The indentations were made in an equilateral triangular mode, 1 mm distant to the specimen margins, to avoid interferences and measured under 50× magnification. The results were registered in VHN. Statistical analysis was performed by two-way ANOVA, using the material type and storage conditions as independent parameters. For multiple comparisons the Tukey test was used at an a = 0.05 significance level.
Pull-out strength
Material disks with a vertically oriented multi-stranded wire placed at the centre were prepared as follows ( Figure 1 ). A hole of 0.5 mm in diameter was prepared at the center of transparent microscopic glass-slides, using air-rotor carbide burs (330 L) for penetration and cylindrical diamonds of the same diameter for final preparation (all from Maillefer, Bellaigues, Switzerland), under water spray. The inner surfaces of the glass-slides were covered with smooth cellulose transparency films (0.13 mm thickness) with a central hole made with the carbide burs. Opaque silicone ring moulds (Ø = 8 mm, h = 2 mm internal dimensions) were secured at the centre of the bottom slide with the cellulose film, a multi-stranded orthodontic wire (Wildcat, Ref 0.0215-15″, Dentsply GAC Int., Bohemia, New York, USA), was passed through the holes of the bottom and top film/slide pairs and aligned by placing a 80 g load at the bottom end of the wire (Figure 1 ). The moulds were filled with the adhesive, pressed with the top film/slide pair to remove adhesive excess and light cured for 20 seconds each side (top and bottom) with the light-curing unit. The specimens (n = 7/material) were carefully demoulded, any excess at the wire-resin interface was carefully removed with a sharp chisel and stored in water (37°C/1 week). Then the wires were pulled-out under shear forces employing a universal testing machine (Tensometer 10, Monsanto, Swindon, UK) at 5 mm/min crosshead speed (Figure 2) . The results were expressed in force (N). The debonded wire regions were examined by a stereomicroscope (M80, Leica, Weltzar, Germany) to assess the failure mode. Statistical analysis was performed by Kruskal-Wallis one-way ANOVA on Ranks (debonded load) and χ 2 (failure mode) at a 95% confidence level (a = 0.05). A Pearson correlation coefficient analysis was performed as well, to evaluate the correlation between pull-out strength and the mechanical properties derived by IIT.
Results

Curing efficiency
Representative ATR-FTIR spectra of set and unset materials used for the calculation of the DC% are demonstrated in Figure 3 . In all uncured materials the height of the peak of C=C absorbance at 1638 cm −1 was higher than in the set materials because of the consumption of C=C groups due to polymerisation. The DC% values calculated are given in Table 2 . EXB presented the highest value followed by EXA and TLR, with all mean differences being statistically significant (P < 0.05).
Mechanical properties derived by instrumented indentation testing
A force-indentation depth graph for the three materials tested is illustrated in Figure 4 . A left shifting of the peak indicates increased hardness. The inclination of the unloading curve is characteristic of the indentation modulus (E IT ); the steeper the inclination of the unloading curve, the higher the indentation modulus. The angle of the unloading curve of EXB at values near to zero was smaller than the corresponding of TLR and EXA, implying an increased elastic material recovery in EXB. The area within the loading-unloading curve loop defines the plastic work of indentation (W PL ). The area oriented from the zero point of the unloading curve, the peak curve point and the projection point of the peak curve to the indentation depth axis defines the elastic work of indentation (W EL ). Since the applied load is the determinant factor for the values of these parameters, normalised, load-independent parameters, like the elastic index n ΙΤ (the elastic to total work ratio) have been introduced for direct comparison purposes. Table 3 summarises the results of IIT testing. The ranking of the statistical significant differences in MH and E IT among the materials tested was TLR > EXA > EXB (P < 0.05). In n IT measurements, EXB showed statistically significant higher values from TLR and EXA (P < 0.05), while no statistically significant difference was found between TLR and EXA (P > 0.05) ( Table 4) .
Effect of prolonged water storage
The results of VHN (0.1kp/10s) hardness measurements are presented in Table 3 . Two way-ANOVA showed that there were statistically significant differences in the material type and storage conditions (P < 0.001). A statistically insignificant interaction was found between material type and storage conditions for both adhesives (P = 0.074). Under short (1 week) and prolonged (6 months) water storage, the ranking in descending VHN order was TLR, EXA > EXB. The percentage reduction in VHN (ΔVHN%) was estimated as to −11.0 per cent for TLR, −6.8 per cent for EXA and −4.2 per cent for EXB.
Pull-out strength
Representative load-displacement curves for the materials tested are presented in Figure 5 and Table 5 . TLR and EXA demonstrated a step-like graph following the first load drop assigned to resin debonding from the metal wire (Table 6 ). The steps demonstrated considerable repeatability. No such pattern was identified in EXB. Figure 6 depicts stereomicroscopic images of debonded metal surfaces. In all specimens the predominant failure mode was mixed with residual resin located at the valleys of the multi-stranded wire. No statistically significant differences were found among the materials in the failure mode.
Pearson correlation analysis showed no statistically significant correlation between pull-out strength and MH (r = 0.999, Power of the performed test for a = 0.05:0.967. All mean differences were statistically significant (P < 0.05). Power of the performed test for a = 0.05:1.000 (MH & E IT ), 0.734 (n IT ). Same superscript letters show mean values with no statistically significant differences per property. P = 0.058). No statistically significant correlations were also found between pull-out strength and E IT (r = 0.995, P = 0.062), and pullout strength and n IT (r = −0.946, P = 0.21).
The radar graph of Figure 7 summarises the properties of the materials tested. MH values showed the greatest contribution in the shape of the graph.
Discussion
The results of the present study demonstrated statistically significant differences among the materials in DC%, IIT properties and VHN measurements. Therefore, the testing hypothesis for these properties should be rejected.
The two experimental adhesives were composed of BPA-free monomers, whereas the TLR was based on BisGMA, a BPA compound. The filler loading of TLR and EXA were compatible with medium viscosity restorative materials, whereas EXB resembled that of low viscosity flowables. The amount of DC% in dental resin composites has long been associated with a range of clinically relevant properties like chemical stability, mechanical strength, colour stability and biocompatibility (26, 27) . The lowest DC% found in TLR may be attributed to the reduced conversion capacity of BisGMA monomer due to reduced segmental mobility of the C=C bonds Power of performed test with alpha = 0.05:1.000 (for product), 0.999 (for period) and 0.347 (for product × period). Same superscript letters show mean values with no statistically significant difference per storage condition. All differences between storage conditions were statistically significant. ΔVHN% was calculated based on mean value differences.
attributed to the stiff bisphenol aromatic backbone, high molecular weight and hydrogen bonding capacity of the monomer (26) . In EXB, where BisGMA was replaced by the aliphatic UEDMA monomer, DC% was significantly improved, because the steric hindrance phenomena associated with the BisGMA structure were diminished. EXA represents a balance between the aromatic and aliphatic monomers, since a mono-phenol dimethacrylate derivative was used to replace BisGMA in a UEDMA/TEGDMA matrix. The DC% in EXA was increased in comparison with TLR, but failed to reach the EXB values.
For composite materials enhanced DC% increases the mechanical properties of the polymer network, provided that they have similar filler composition, size and volume fractions to allow for direct comparisons. Otherwise, filler properties and especially volume loading may result in increased mechanical properties of resin composites with a lower DC% in the resin matrix.
Evaluation of the mechanical properties of the materials was performed by IIT, a fully-automated method capable of performing measurements on small, non-standardised samples, overwhelming the need for preparation of standardised specimens (i.e. dumbbellshaped or rectangular beam-shaped) traditionally required for testing the fundamental mechanical properties. This is more important for light-cured materials, where the use of small specimens ensures homogeneous light exposure contrary to the standardised specimens, where the much greater dimensions required overlapping light exposure. In the present study a Vickers indenter was used to measure the Martens Hardness (MH), modulus of elasticity (E IT ) and elastic index (n IT ). In IIT the indenter is equipped with a load cell and continuously monitors the load and indentation depth. Therefore, MH measurements are free of optical or viscoelastic material interferences as experienced with traditional Vickers Hardness. In the latter, the accurate measurement of the diagonal length may be affected by the optical characteristics of the material (i.e. transparency), surface roughness and elastic recovery (or rebound effect).
TLR with the highest filler loading (~77 wt%) demonstrated the highest MH and E IT , EXA with 70 wt% filler loading showed significantly lower values than TLR in both parameters and EXB, with the lowest filler loading (60 wt%), exhibited the lowest values and the greatest recovery from deformation. These clearly indicate that the main determinant factor in the mechanical properties of the materials tested is the filler loading. An additional factor to be encountered in the MH and E IT interpretation is the type of the filler. The use of hard quartz particles in TLR may contribute to increased MH in comparison with the softer glasses used in EXA and EXB. However, since the material surface exposed intraorally in bonded retainers is high, hard particles may result in increased surface roughness, plaque and staining. Finally, a third factor contributing to the high mechanical properties of TLR is the presence of BisGMA. Upon setting, BisGMA can establish strong intermolecular hydrogen bonds through -OH groups, leading to comparable mechanical properties with polymer networks of other monomers with greater DC%, but less hydrogen-bonding capacity, like UEDMA (28) (29) (30) . It should be noted that the highly reactive TEGDMA, cannot form hydrogen bonds (30) .
Despite the significant differences in E IT between TLR and EXA, there was no significant difference in the elastic index n IT . This implies that both materials may absorb similar energy in their elastic state, but at a greater strain in EXA. The flowable consistency material EXB demonstrated the highest n IT , but at a significantly lower HV and E IT . Assuming an E IT of 34 GPa for a stainless steel multistranded wire (31) , the value of 6 GPa calculated for EXB may be considered as too low for efficient wire bonding to tooth enamel.
Of particular importance is the sensitivity of the materials to prolonged water immersion, since bonded retainers are placed intraorally for an extended period of time. Vickers microhardness employing 100 g force was used to assess the effect of prolonged water exposure because it is more sensitive to surface alterations than conventional hardness measurements (>1 kp loading), since in the former the depth of penetration is limited to the near surface region. Before testing, all the materials were ground and polished to remove the resin-rich layer and expose cut filler particles. Prolonged water immersion significantly reduced the VHN in all the materials tested, apparently due to plasticisation of the polymer matrix. The greatest percentage reduction in VHN (ΔVHN%) was found in TLR (−11 per cent), despite that it contained the highest inorganic filler loading. It is well known than the BisGMA/TEGDMA mixtures demonstrate increased water uptake due to the hydrophilic ether bonds (-C-O-C-) of TEGDMA and the -OH groups of the BisGMA molecule (32, 33) . The latter are easily accessed by water molecules, which disorganise intermolecular bonding, resulting in increased chain segmental rotation. In the presence of water excess, repulsive forces between water molecules are generated, inducing material swelling. EXA was less affected since PCDMA is a -OH free monomer, and UEDMA is less hydrophilic than BisGMA (30) . Nevertheless, the fact that EXB based on UEDMA/TEGDMA was the least affected material implies than PCDMA may contribute to water absorption more than UEDMA, although the role of different quantitative monomer content should not be overlooked. No further interpretation was made on VHN data, since the results of IIT demonstrated significant elastic contribution.
Assessment of the bond strength at the wire-composite interface has been the subject of many experimental studies employing various testing designs (34) (35) (36) (37) . In the present study a shear pull-out strength test has been introduced to exclusively evaluate the wire-composite interfacial strength, without interferences from the strong compositemetal interfaces. This set-up is similar to the Shell-Nielsen test used for the evaluation of metal-ceramic (38, 39) , metal-polymer (40) and zirconia-ceramic (41) interfaces. The characteristics of the experimental Power of performed test with alpha = 0.05:0.732. All median differences were statistically insignificant (P > 0.05). setup used are the following: 1. The length of the composite specimen matches that of a bonded retainer in a single tooth. This is critical, since increased composite length may modify the failure load and fracture pattern leading to false conclusions; 2. only the wire periphery is bonded with the composite; and 3. the wire penetrates through the entire composite forming two free wire-composite interfaces, one each side, simulating the retention pattern on adjacent teeth as in cases of retention in more than two teeth. The initial force drop in the force-displacement curves was considered as the main braking point. The overlapping force-displacement curves without stress relaxation observed in TLR and EXB, created displacement values build on each other. These should be attributed to the elastic recovery of the debonded material and subsequent reloading of the underlying braided wire structure. During this procedure the length of the wire under tension is increased, resulting in higher loading. Actually the shear loading of the multi-stranded wire-composite interface creates a complex force pattern, introducing torque force vectors. This debonding mode may delay complete detachment of composite from multistranded wire surfaces, in comparison with smooth wires.
No statistically significant differences were found in the strength and failure mode among the materials tested, regardless their differences in the mechanical properties. The failure mode analysis showed that all the materials exhibited a mixed failure type, with residual composite mechanically retained in the valleys of the complex wire surface morphology, covering the surface at various degrees. Apparently some resin protrusions into the wire thread angles create mechanical interlocking, quite strong to withstand the debonding forces, leading to cohesive failure within the unsupported material. Based on the results of the materials tested in the present study, the mechanical properties derived by IIT testing did not correlate with the pull-out strength data, therefore they cannot be used as bond strength predictors.
Alumina sandblasting, tribochemical coating plus silanization or use of metal primers may increase the strength at the wire-composite interface and modify the failure mode in favour of composite cohesive failures. Some studies have already demonstrated increased retention after such treatments (42) . However, more studies are required to document a positive treatment effect.
Conclusions
Based on the results of the present study, the two experimental BPAfree materials demonstrated better degree of cure and less extent of water plasticisation from the control, which was based on a BPAcompound (BisGMA). The control demonstrated higher mechanical properties, but no statistically significant difference in pull-out strength from the experimental materials. Considering the differences between the two experimental materials, it may be concluded that the material containing the mono-aromatic dimethacrylate derivative (PCDMA) with higher hardness and elastic modulus values may be used as an alternative to the control.
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